A number of recent improvements have been made in the Cyclotron, ECR sources and beam lines. An aluminum oxide wall coating in the AECR source produces more secondary electrons to increase high charge state ion production by 2-4 compared to electron injection. Development of simultaneous multiple frequency ECR heating with 10 and 14 GHz results in two ECR zones and increases the high c h g e state intensities by a factor of 2-5. The best transmission from the AECR source through the Cyclotron occurs for low energy first harmonic beams, where it varies with intensity from over 25% at low intensity (10 pi injected) to 12% at high intensity (180 pi injected). A double drift buncher was built by adding a second harrhonic drift tube after the existing one for 1st harmonic. This has produced up to 40% increase in external beam. New beam lines have been set up for nuclear structure experiments with Gammasphere and laser trapping of radioactive atoms. The new Gammasphere dispersionampensated beam line transports up to 60% of the beam coming through a collimator at the cyclotron exit to a 3 mm diameter beam spot at the target 50 m downstream. Improvements now under way include a pulsing system for the axial injection line, a second cryopumping system for the cyclotron, phase width reduction using internal slits and the design of a 3rd generation ECR source.
Introduction
The 88-Inch Cyclotron is now operating with beams of higher energy, greater intensity and variety, with more hours of beam on target and supporting a larger number of users than any time since it began operation in 1962. At a time when many small accelerators are being closed down it may seem paradoxical that the cyclotron and its scientific program are doing so well. There are two major reasons for this. First, the development of the ECR ion s o m -b y Geller et all and its subsequent development2 have made it possible to produce a wide range of beams with intensities and energies well matched to the study of nuclear structure, nuclear reaction mechanisms and heavy element research. In addition the 88-Inch Cyclotron which began its operation as a light-ion cyclotron has maintained this capability, which provides research opportunities in new areas such a laser atom trapping for the study of weak interactions and fundamental symmetries. The second reason is-the deveIopment of a new generation of high energy resolution detectors such as Gammasphere and Eurogam which has opened up a new.area of research in the study of highly deformed nuclei. Much of the research with these new detectors involves the formation of rapidly rotating compound nuclei. Production of the compound nuclei is typically done by using projectiles with 9SA-40 with 4 to 6 MeV/nucleon. In many cases to produce the desired compound nucleus neutron rich beams such as %S or 48Ca are required. This research puts strong demands of the ion source capabilities both with respect to making beams from almost every element up to mass 80 and to be able to use separated isotopes in an economical way. For example, current cost of 36S and 48Ca arc about $47,OOO/g and $25O,OOO/g, respectively.
Accelerator description
The 88-Inch Cyclotron is nominally a k140 cyclotron with three sectors and three external ion sources. The main magnet can be operated to produce k160 operation, but the transmission efficiency decreases rapidly above k140 due to defocusing of the beam at extraction and in most cases with heavy ions it is better to use a higher charge state from the ECR ion sources rather than operating k values above 140. The cyclotron RF frequency can be varied from 5 5 MHz to 16.2 M H z and.both first and 3rd harmonic beams are routinely accelerated. Minimum and maximum energies in fust harmonic are 6.1 and 55 MeV/nucIeon and in third harmonic 0.7 to 6 MeV/nucleon. Beams have also been accelerated using 5th, 7th and 9th harmonic, although the transmission efficiency decreases rapidly with the high harmonic numbers due to poor RF capture in the center region. Currently all beams being used by the research programs are produced by the two high charge state ECR ion sources located on the vault roof of the cyclotron as shown in Fig. 1 
. System performance
The evolution of the heavy-ion performance of the 88-Inch Cyclotron is illusmted in Fig. 2 . These curves are drawn for beams of at least 1 particle nA extracted current, which is a typical intensity required for nuclear smcture experiments, and the dashed Iine at 5 MeV/nucIeon indicates the approximate cutoff in energies useful for nuclear science experiments. Higher intensity beams can be produced at energies less than those indicated by the cuwes. Prior to the operation with the first ECR ion sourcc the heavy-ion operation was limited to elements with m a s 40 or below. The LBL ECR began regular operation with the Cyclotron in January 1985 and it reached its full operating potential a few years later. With this source it was possible to accelerate masses up to xenon at useful intensities and energies. In 1990 the AECR began operation and with improvements in its performance described below it is now possible to reach masses up to 160. A conceptual design for a 3rd Generation ECR sources which would extend the energy mass characteristics of the cyclotron significantly is underway and the cyclotron's projected performance is indicated with a dashed line in Fig. 2 . Along with developing higher ion source performance with respect to producing higher charge states and higher intensities, the development of a wide range of beams has been an important aspect of providing new research opportunities at the cyclorron. Both the LBL ECR and the AECR have radial access ports provided by slots in the sextupole structure which allow ovens. to be installed. The oven technology was first developed on the LBL ECR?
Ovens are now in use with many ECR ion sources although they are typically mounted on axis and with maximum temperatures of 1500 OC. The high temperature oven developed for the ECR ion sources at Berkeley can operate up to 2100 "C which can evaporate more elements. To date, the 88-Inch Cyclotron has produced beams of 41 elements, from hydrogen through zinc (the first 30 elements) as well as Ge, Kr, Ag, Sn, Xe, La, Sm, Tb, Au, Bi and U.
Efficient use of separated isotopic feed material has been developed with the ECR sources also. For example in FY94 more than 300 hours of research utilized 48ca beams.
For these experiments, which required about 2 particle nA .
on target, typical usage ram of 40% enriched eCa were 20 to 30 pg/lu. Several factors go into the overall efficiency including the source efficiency, the injection and extraction efficiency and beam transmission to the experimental target. In a typical experiment about 150 particle nA of Cal"+ is produced by the ECR source (to minimize consumption), 15 particle nA is extracted from the cyclotron, and 5 particle nA is delivered to the Cave 4c where Gammasphere is located. This represents an order of magnitude improvement in transmission efficiency compared above that achieved in the first few years of operation the LBL ECR. The improved overall transmission is a result of improvements in the transport thiough the injection line, higher bunching efficiency with the second harmonic buncher, better cyclotron settings and improvements in the beam transport system to the cave. stripped Ar ions were produced. Figure 4 shows the best charge state distributions of 238U obtained with singlefrequency and two-frequency heating from the AECR Source. With about 15% more microwave power compared to the optimum single-frequency heating, two-frequency heating shifted the peak charge smte from 33+ to 36+ and hreased the intensity by a factor of 2 to 4 higher for charge states from 35+ to 39+. sextupole magnet will be installed to increase the radial magnetic field at the wall from 0.64 to 1.0 A 3rd Generation ECR source is being designed to produce higher charge states and intensities so the 88-Inch Cyclotron can deliver useable heavy ion beams such as bismuth and uranium at energies above 5 MeV/nucleon. ECR source development, especially in the last few years, indicales that further enhancement of the production of high charge state ions by ECR sources is possible with higher field strengths and higher magnetic mirror chamber surface with high secondaxy emission materials and heating the plasma with multiple frequency microwave powerJ2 The solenoid and sextupole magnets of this new source will be made from superconductor to produce the high magnetic field strengths. The design fields are more than 3 T in the axial direction and up to 2.5 T radial field at the plasma wall. This would provide mirror ratios of 15 at injection and 10 at extraction. The improved performance of the AECR source with two-frequency heating makes it possible for the 88-Inch Cyclotron to accelerate the very heavy ions such as bismuth and uranium to an energy greater than 5 MeV/n. Table 1 shows the highly charged ions obtained with the twofrequency heating and accelerated through the 88-Inch Cyclotron. An upgrade of the AECR is underway to modify its magnetic structure to improve the plasma confinement to further enhance the source performance. The existing solenoid magnets will be replaced by new ones with larger conductors and higher maximum current density. With these modifications and at the same total dc magnet power of 75 kW as the existing configuration, the peak field strengths at the injection and the extraction regions will increase about 70%. The central field strength will remain the same which produces mirror ratios of 4.1 at injection and 3.0 at extraction. The wall thickness of the new aluminum plasma chamber wall be reduced and a stronger permanent
